TABLES
An analysis was conducted to evaluate the effect of an integrally finned fuel pin spacer design on fuel pin and subassembly irradiation performance. Such a concept with a fin-on-fin design was found to significantly reduce coolant temperature gradients relative to those obtained with the current reference wire wrap design. The temperature redistribution was found to be primarily the result of coolant flow redistribution as affected by subchannel flow areas rather than spacer induced cross-flow mixing. A two fin design with minimum fin width was found to be optimum from the standpoint of coolant pressure drop with potential for a pressure drop less than obtained with a comparative wire wrap design.
The reduced coolant temperature gradients resulted in reduced peak cladding temperature and increased subassembly duct wall temperatures. Structural analysis of the integrally finned cladding design showed the reduced temperature effect on the cladding to be offset by strain concentrations associated with the integral fin geometry. Comparison of predicted strains showed local strain to be higher for the integral fin design than for the reference wire wrap design. Furthermore, the increase in subassembly duct wall temperature associated with the integral fin cladding designs was found to significantly reduce the predicted duct design lifetime (from 190 MWd/kg to 130 MWd/kg) for the case evaluated. It is noted that these latter results are dependent upon the materials correlations which were used. Materials with significantly Improved irradiation performance properties could alter these results.
It is concluded that an integrally finned cladding design is inferior to the reference cylindrical tube design from the standpoint of fuel pin and subassembly irradiation performance. It is recommended that additional work not be conducted to develop an integrally finned design for utilization with the current reference cladding and duct material (i.e. 20% CW 316 stainless steel). Published results from German work have indicated the integrally finned design to be a promising spacer concept. As a consequence, HEDL conducted an independent analysis to evaluate the potential merits of an integrally finned design with the objective of determining whether or not a testing program should be pursued to develop this concept. The purpose of this report is to summarize the results of that analysis and document the recommendations.
II. INTRODUCTION

III. DISCUSSION OF ANALYSIS AND SUMMARY OF RESULTS
Analysis of the integral fin design consisted of determining the optimum fin configurations by evaluating the effects on:
1. Subassembly thermal/hydraulics, 2. Fuel pin structural performance,
Subassembly duct performance.
A. Thermal/Hydraulic Analysis Thermal/hydraulic calculations were performed using the computer program COBRA-IIIC.^ ^^ Calculations were made for 19, 61 and 217 pin subassemblies containing fuel pins with 2, 4 and 6 integral fin spacers. Calculations were also made for a comparative wire wrap design for each subassembly size. Standard Experimental Breeder Reactor #2 (EBR-II) duct, bundle and wire wrap dimensions were used for the 19 and 61 pin subasserrtly configurations. Fast Flux Test Facility (FFTF) duct, bundle and wire wrap dimensions were used for the 217 pin subassemblies.
Pin diameter for all cases considered was 0.230 inches. Integral fin height for each case was sized such that the across-flats bundle dimension matched the design envelope for the comparative wire wrap bundle. Fin width and number of fins per pin were evaluated as design variables. Fin cross-sections were assumed to be rectangular for ease of calculating coolant subchannel flow areas. All integral fin designs evaluated were fin-on-fin. Fin-on-pin designs were considered to have no advantage over a wire wrap design and were not evaluated. Evaluation of each design concept for a given subassembly size was made under the constraints of constant subassembly power, coolant inlet temperature and mixed mean coolant outlet temperature. Thermal/hydraulic performance of the various integral fin designs was based on comparing the pressure drop, peak coolant temperature, and coolant temperature adjacent to the duct wall with that for the comparative wire wrap subassembly. Results of the analyses are summarized in Tables I, II , and III for the 19, 61 and 217 pin configurations, respectively.
The 19 pin subassembly configurations were evaluated primarily to expedite and simplify code checkout and to gain initial insight on the effect of integral fin spacers. The 19 pin subassembly was also used to evaluate the effects of fin width, spacer pitch and mixing effects on temperature distribution and coolant pressure drop. Operational experience obtained with COBRA-III C by evaluating the 19 pin subassemblies showed it to be a long running code.
Results of these analyses, however, provided justification for code simplification to expedite evaluation of the 61 and 317 pin subassemblies. (Table I) show that the coolant temperature distribution is primarily affected by flow distribution as determined by the flow channel areas rather than due to flow mixing induced by the spacer system. This can be seen by comparing the results for cases 7 and 8 with those for cases 1 and 5 in Table I Tables II and III) the relative total flow in the exterior channels is 41% and 25% respectively. For the comparative 2-fin designs (case 2 in Tables II and III) the relative total flow in the exterior channels is 28% and 15% respectively. In summary, an integral fin spacer concept can be expected to effectively reduce the radial temperature gradients within an LMFBR subassembly. From the standpoint of thermal hydraulics, the optimum fin design would incorporate two fins with the minimum practical fin width. Such a design would allow the maximum mixed mean coolant outlet temperature with the minimum peak coolant temperature and pressure drop.
B. Fuel Pin Structural Analysis
Fuel pin structural analysis was performed under the direction of HEDL by the Control Data Corporation using the MARC finite element computer code.^ The objectives of the analysis were to identify the optimum fin geometry and to evaluate the potentially improved fuel pin performance consistent with the reduced peak cladding temperature indicated by the thermal/hydraulic results. To achieve these objectives, the following sequence of steps was followed:
1. Perform heat transfer and elastic analyses on five geometrical configurations to establish the optimum integrally finned cladding design from the standpoint of mechanical and thermal loads.
Perform inelastic analysis on the selected optimum design (including thermal creep, irradiation creep, and irradiation induced swelling).
3. Perform comparative analysis for a cylindrical tube geometry to allow evaluation of the integral fin geometry.
4. Repeat the step 2 analysis with all parameters held fixed and temperature reduced consistent with the thermal hydraulic analysis.
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The integral fin cladding model selected for analysis consisted of a cylindrical tube of constant wall thickness with six helical integral fins equally spaced in the circumferential direction as shown in Figure 1 . Because of the symmetry of the geometry and loading conditions, only one twelfth of the cross-section (shaded region, Figure 1 ) was modeled. Figure  2 summarizes the boundary conditions associated with the heat transfer and stress analyses.
For the heat transfer analysis, a constant heat flux was assumed along the inner boundary. Along the outer boundary a convective heat transfer surface characterized by a constant film drop and bulk coolant temperature was assumed. Insulated thermal boundaries were assumed to exist along geometrical lines of symmetry.
Roller supports were assumed along the two geometrical lines of symmetry for the stress analysis. The mechanical (pressure) loading was assumed to increase linearly with time based on the predicted buildup of fission gas pressure.
The five integrally finned cladding geometries analyzed are summarized in Table IV . The main parameters which were varied are fillet radius, fin width and wall thickness. Figure 3 schematically summarizes the fiye geometries plus the reference case cylindrical tube. Table V lists the environmental conditions used for the thermal and elastic stress analysis to select the optimum fin design. It is noted that these conditions correspond to a fuel pin operating in EBR-II at a peak linear power of 16 kW/ft with a gas pressure corresponding to a burnup of 200 MWd/kg. There is no significance attached to this set of conditions other than it does provide a design envelope for optimizing fin geometry. The properties utilized for the analyses are those for 20% coldworked 316 stainless steel. For completeness these values are summarized in Table VII .
Results of the elastic and thermal stress analyses conducted on the five geometries to select the optimum fin design are summarized in Table VIII , The effective stress is defined by:
where a , a , a = normal components of stress
•"^vv/' "^VT' "^v/T " shear components of stress xy xz yz Figure 4 shows a temperature contour plot for case 1 typical of those obtained for all five cases. Evaluation of these plots shows the maximum inside diameter temperature occurring under the fin. Increasing either the fillet radius or the width of the fin increases the amount of peaking which occurs. For the cases evaluated, the maximum temperature rise under the fin was 44F°.
Figures 5 and 6 show the effective thermal and pressure stresses, respectively, for case 1 typical of those obtained for all five cases. For the case of thermal stresses, maximum stresses were found to occur in the fillet region along the outer boundary. Pressure stresses, however, were found to concentrate on the inner boundary under the fin.
Reducing the cladding wall thickness (case 4, Table VIII) was found to produce the maximum temperature rise under the fin and an increased effective stress due to pressure loading approximately propprtional to the increased mean radius of the fuel pin. However, reducing the wall thickness was found to reduce the thermal stresses due to increased flexibility of the thinner walled cylinder. On the basis of the elastic analysis, stress concentration effects associated with an integral fin cladding design were determined not to be major problems. Case 2 was selected as being the optimum design primarily on the basis of minimizing the temperature rise under the fin and from the standpoint of practicability of fabrication.
Inelastic analyses for the selected optimum fin design and reference cylindrical tube design were performed with the environmental conditions specified in Table VI . Tube 1 and integral fin cases 2A and 2B correspond to the top of an EBR-II fuel pin. Tube 2 and integral fin cases 2C and 2D correspond to the mid-plane of an EBR-II fuel pin. Results of the inelastic analysis are summarized in Table IX . As can be seen, both the effective stress and total creep strain of the cylindrical tube are lower than that of the tube region of the integral fin design. Thus, it appears that the inelastic strains are tending to accumulate and higher stresses occur in the cylindrical region of the integral fin design. This indicates that the cylindrical portion of the integral fin cladding design is critical and has no definite structural advantage with respect to the conventional cylindrical tube design.
Comparison of integral fin cladding design 2A with 2B and 2C with 2D shows the effect of the reduction in fuel pin temperature achieved with the integral fin cladding design at two axial locations. At the higher temperatures there is only a small reduction in total creep strain and at the lower temperatures the strains are identical. Thus, the drop in fuel pin temperature achieved with the integral fin cladding design is offset by the strain concentrations resulting from the fin geometry. On this basis it is concluded that an integral fin design does not offer improved fuel pin performance with respect to the current reference wire wrap design.
C. Subassembly Duct Structural Analysis
Associated with the decrease in fuel pin temperature due to the integral fin cladding design is an increase in the duct wall temperature. This increase amounts to about 75°F for the 217 pin subassembly analyzed (Table III) .
To evaluate the effect of this temperature rise on duct performance, the computer code BEAMCRP^ ' was used to calculate the additional duct dilation. Duct-to-duct contact in the core region was selected as the limiting criteria. For purposes of evaluation, FFTF standard driver subassembly dimensions were utilized. Results of the analysis are summarized in Figure 7 . The analysis assumes a 100 mil radial duct dilation can be tolerated before duct touching occurs. Referring to Figure 7 , intersection of the creep dilation curves with the allowable creep dilation curves defines the lifetime limitation of the duct. As can be seen, the driver duct associated with the wire wrap design operating at 752°F is not lifetime limited out to three cycles burnup where a cycle is defined to be a full year operation at 75% availability. However, a comparable driver duct associated with an integral fin design would be lifetime limited to a burnup of approximately 130 MWd/kg. Thus it appears that an integral fin spacer design would significantly limit duct performance.
IV. CONCLUSIONS AND RECOMMENDATIONS
An integral fin spacer concept is concluded to be inferior to the reference wire wrap design from the standpoint of fuel pin and duct performance. It is recommended that additional work not be conducted to develop this spacer concept.
An integral fin spacer design would effectively reduce coolant radial temperature gradients within an LMFBR subassembly. The primary mechanism for redistributing the temperatures is redistribution of coolant flow by virtue of altering the subchannel flow areas rather than by improved coolant mixing induced by the spacer system. The effect is to reduce the peak cladding temperature and increase the duct wall temperature.
Increasing the number of pins in the subassembly decreases the integral fin effect on the peak cladding temperature while increasing the effect on duct wall temperature. Increasing the number of fins per fuel pin has an insignificant effect except on coolant pressure drop. A two fin design can potentially reduce the coolant pressure drop relative to that for a comparative wire wrap design. Varying the helical spacer pitch between 6 and 24 inches was found to have an insignificant effect on both temperature distribution and coolant pressure drop. Cladding heat transfer calculations showed the temperature on the inside cladding diameter to peak directly under the fin. Reducing the fin width and fillet radius were fmjnd to minimize the temperature rise. However, the temperature rise is estimated to be comparable to that obtained with a wire wrap spacer design.
Concentration of elastic stresses associated with the fin geometry were found to be insignificant. However, inelastic strain concentrations were found to occur in the cylindrical region of the integral fin cladding design. This indicates the cylindrical portion away from the fin to be the critical region where failure would be most likely to occur.
Comparison of the predicted inelastic strains for the integral fin design with those for the cylindrical tube geometry, shows the strains to be greater for the fin design, even when taking into account the reduced cladding temperature. From the structural point of view, the reference cylindrical tube geometry is concluded to be superior to an integral fin design.
The increase in driver duct wall temperature associated with the integral fin design was found to significantly reduce predicted duct design lifetime.
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